Kinetics of phase decomposition accompanied by precipitation of -phase in a Fe 73.7 Cr 26.3 alloy isothermally annealed at 832 K was studied by means of Mössbauer spectroscopy. Two stage decomposition process has been revealed by three different quantities viz. the average hyperfine field, <H>, the short-range parameter, 
Introduction
Fe-Cr alloys belong to the most frequently investigated binary alloys. This stems, on one hand, form their interesting magnetic properties and on the other hand from their usefulness in the steel making industry. Concerning the latter the Fe-Cr alloys constitute the major ingredient of a family of stainless steels, in which ferritic/martensitic (FM) ones play an important role as structural materials used in various branches of industry. This role follows from their excellent properties like good resistance to a high-temperature corrosion, low swelling and high toughness. Consequently, they have been used in various branches of industry e. g. power pants (including nuclear ones), chemical and petrochemical industries to produce devices that work at service at elevated temperatures and often in aggressive environment. [1] . The concentration of Cr in ' is higher than 85 at%, and this is the true reason of the brittleness. The -phase may precipitate if the annealing temperature is in the range of 770-1100 K, and the content of Cr lies between 15 and 85 at.% Cr. The precipitation of ' is a consequence of the so-called phase separation leading to formation of Fe-rich () and Cr-rich (') phases. The phase field in which this process takes place is known as a miscibility gap (MG). An interest in this phenomenon is two-fold. On one hand, one wants to know mechanism(s) underlying the segregation and, on the other hand, borders of MG. Based on numerous studies two mechanisms have been proposed: (1) nucleation and growth, and (2) spinodal. The latter is active in the central part of MG, while the former on both "sides" of the spinodal [2] . In other words the phase fields of the nucleation and growth are close to the Fe-rich and Cr-rich borders of MG. From the technological view-point the Fe-rich border is of greater importance because it is located close to the Cr concentration at which the alloy becomes stainless i.e. 10.5 at% (In fact the border line is temperature dependent). This border line can be also interpreted as the solubility limit of Cr in iron. Consequently, a great body of papers, both theoretical and experimental, were devoted to the issue. Nevertheless, a clear cut picture has not been obtained yet, because the former give different predictions e. g. [2] [3] [4] [5] [6] [7] [8] [9] , and the latter, as reported in [3] , show a wide spread of data obtained with different techniques [3] . On the other hand, the solubility limit values determined with the Mössbauer spectroscopy (MS) exhibit a systematic trend [11] [12] [13] [14] [15] [16] , so application of this method is hoped to deliver a set of data that can be used for validation of different predictions. In this paper we report such data obtained for a Fe 73. 7 Cr 26.3 sample isothermally annealed at 832 K for up to 1777 h.
Experimental
The study was carried out on a 25 m thick foil in form a 20x20 mm rectangle obtained by rolling down 100 m thick tape of a Fe 73.7 Cr 26.3 alloy. The alloy was made by melting in an induction furnace under protective Ar atmosphere proper quantities of Armco-iron and chromium of 99.9% purity. The ingot was next rolled down to the thickness of 100 m. Its composition was determined by a chemical analysis. To promote the decomposition process, the sample was isothermally annealed under dynamic vacuum (<10 -4 Torr) at 832 K for up to 1777 h. After each annealing, a 57
Fe Mössbauer spectrum was recorded at room temperature in a transmission mode using a standard spectrometer with a drive working in a sinusoidal mode. 14.4 keV gamma rays were emitted by a 57
Co/Rh source whose activity permitted to record statistically good spectrum in 1024 channels of a multichannel analyzer within a 2 days run.
Each spectrum was analyzed assuming that an effect of Cr atoms situated in the firsttwo neighbor shells around 57 Fe probe nuclei, 1NN-2NN, on the hyperfine field, H, and on the center shift, CS, was additive i.e. Examples of the spectra and corresponding hyperfine field distribution curves, p(H), are presented in Figs. 1 and 2, respectively. They evidently illustrate a redistribution of Cr atoms that had taken place on the applied annealing. In the spectra the effect is best seen in the outermost lines, and in the p(H)-curves a shift towards a higher value is evident as well as an increase in the intensity of the peak indicating the maximum value of <H>. This peak can be associated with the (0,0) atomic configuration. Table 1 Best-fit spectral parameters. P(0,0) is in %; H(0,0), H 1 , H 2 and <H> in kOe;
<IS>, IS  , G and G  are in mm/s. The meaning of the symbols is given in the text. Each spectrum is labelled with the annealing time. In the untreated spectrum and in the one annealed for 1537 h the component corresponding to the (0,0) atomic configuration is shown. In the latter case the arrow indicates a single-line sub spectrum associated with the -phase. Fig. 2 Distributions of the magnetic hyperfine field derived from the spectra shown in Fig. 1 . Notice an increase with the annealing time of the intensity of the peak situated at the maximum value of the field. This peak, marked by arrow, corresponds to the (0,0) atomic configuration.
Results

Kinetics of phase separation
The kinetics of the phase separation governed by the nucleation and growth can be properly described in terms of the Johnson-Mehl-Avrami-Kolgomorov (JMAK) equation. In our previous studies of this process, also by using the Mössbauer spectroscopy, we have shown that the kinetics can be well reproduced by applying the JMAK law to the average hyperfine field, <H> [15, 16, 18] :
Where k is the rate constant, n is the Avrami exponent, and t stands for time.
The rate constant is related via the Arrhenius law to the activation energy, E, as follows:
Here k B stays for the Boltzmann constant and T for temperature. Equation (2) can be used to determine the activation energy of a given process, E. For this purpose one has to measure its kinetics at two different temperatures, T 1 and T 2 . Then based on Eq. (2) the following equation for E, can be derived:
Using this method for T 1 =681 K and T 2 =722 K we have found E=122 kJ/mol (1.26 eV) for Fe 85 Cr 15 [15] . The temperature dependence of <H> in the present case is shown in Fig. 3 . It is evident that two processes take place: (I) in the time interval up to 300 h with the activation energy E 1 , and (II) for higher t-values with the activation energy E 2 . Applying again Eq.(2) the following relation between E 1 and E 2 can be found:
It can be rewritten as:
Where E is a difference between the two energies. Putting into Eq. (2) and E 1 . rate constant, k, and the Avrami exponent, n, are given in the legends.
Limit of Cr solubility
The content of Cr in the Fe-rich phase, x, hence the limit of Cr solubility in iron can be determined based on a quasi-linear relationship between <H> and x [12] . For this purpose one takes the value of <H> in saturation, <H> s . In the present case the phase decomposition has two stages: I and II, as indicated in Fig. 2 . <H> s =271. The size of the symbols is comparable with the error bar.
In turn the data shown in Fig. 5 fit best to the Calphad prediction due to Xiong et al.
[6], at least as far as the Fe-rich MG border is concerned. The data depicting the Crrich MG border are in agreement with all three predictions shown in this figure.
Finally, concerning the calculated complete phase diagrams of the Fe-Cr system shown in Fig. 7 the experimental data obtained with the Mössbauer spectroscopy agree better with the one predicted by Bonny et al. [4] , also the difference between the two predictions is rather minor above 650 K. The main disagreement concerns the border between the real and metastable miscibility gap. According to our results the border should lie between 800 and 832 K, while the predicted temperature is lower than 800 K. Relation between experimental data obtained with the Mössbauer spectroscopy and the calculated phase diagram of the Fe-Cr system adopted from [4] . Size of the symbols corresponds to experimental uncertainty.
(0,0) Configuration
Another characteristic feature of the p(H)-curves that signifies the phase decomposition and resulting clustering of Cr atoms is an increase of the intensity of the peak situated at 335 kOe. This peak can be related to those Fe atoms that have no Cr atoms in their 1NN-2NN neighborhood (in our notation (0,0) atomic configuration). As displayed in Table 1 and visualized in Fig. 8 , the probability of this configuration, P(0,0), changes with the annealing time, t, in a way similar to that observed in <H> -see Fig. 2 . Therefore, the data were analyzed in terms of the 
Short-range order
The annealing time behaviors of <H> and that of P(0,0) give evidence on clustering of Cr atoms. The effect can be quantitatively expressed in terms of short-range order (SRO) parameters,  k . They can be defined as follows:
, is the average number of Cr atoms in 1NN; < >= ∑
, is the average number of Cr atoms in 2NN. Corresponding symbols with the subscript r stand for the values expected for the random distribution, hence < >= 8 , < >= 6 .
The analysis of the spectra in terms of the applied superposition method permitted determination of values of <m>, <n>, hence via equations (5a)-(5c), values of  k (k=1,2). resembles that of <H> i.e. it exhibits two stages with a border at 300 h,  2 initially follows  1 but rather quickly (at 80 h) achieves its maximum followed by an exponential-like decrease up to 1000 h. For longer annealing times a weak increase of  2 can be seen. It happens in the time interval where precipitation of  was revealed. The time behavior of  1 has been analyzed using the JMAK equation. The best-fit lines to the data are presented in Fig.9 as solid lines and the best-fit kinetic parameters obtained are displayed in Fig. 10 and also in Table 2 . The broken line is the guide to the eye. 
Magnetic texture
Mössbauer spectra are also sensitive to an angle between the direction of the γ-rays (normal to the sample's surface in this experiment), , and the magnetization vector, M, hence their analysis can yield value of . In particular =90 o means that M lies in the plane of the sample and =0 o signifies that M is perpendicular to the sample's surface. In the course of annealing of a polycrystalline sample, like in the present case, the orientation of grains can change because of their growth in a preferential direction causing thereby a rotation of M. This process can be followed by recording spectra on annealed samples vs. annealing time as was the case in this study. Figure   11 illustrates the (t) dependence obtained by the applied analysis. It shows a saturation-like behavior and the data could have been nicely fitted to the JMAK equation yielding the kinetics parameters k and n (In the fit we have omitted the value of  for t=0 h because it was significantly smaller than the value derived from the spectrum recorded on the sample annealed for 0.12 h. The reason for the large difference was obviously the strain in the untreated sample). at.%. The latter can be regarded as a limit of Cr solubility in iron at 832 K.
Interestingly, the process of the decomposition has been reflected in a change of the magnetic texture which in the present experiment could be quantitatively followed by an average angle between the magnetization vector and the normal to the sample's surface (or direction of the γ-rays), . As illustrated in Fig. 11 ,  rotates from 57 o to
62
o . This process can be also described in terms of the JMAK equation, however, in this case there is no indication that two stages take place.
Conclusions
The results obtained in the present study can be concluded as follows:
1. Isothermal annealing of the Fe 73.7 Cr 26.3 sample at 832 K resulted in its decomposition into Fe-rich phase and precipitation of the -phase.
2. The kinetics of the decomposition process could be quantitatively followed by considering annealing time dependence of several quantities like: average hyperfine field, <H>, short-range order parameter,  1 , probability of atomic configuration with no Cr atoms within the first two coordination shells, P(0,0) and angle between the γ-rays and magnetization vector, . 4. The decomposition process in the first stage is significantly faster than the one in the second stage.
5. The value of n ranges between 0.4 and 0.8 testifying that the process underlying the phase decomposition and/or precipitation of  is a diffusion-controlled growth and nucleation of isolated platelets and/or needles of finite size combined with their thickening.
6. The border of the metastable miscibility gap has been determined from the <H>-value in saturation in the first stage. 
